Background: Autonomic impairment after acute traumatic brain injury (TBI) has been associated
Introduction
In acute brain injury, decreased heart rate variability (HRV) and decreased baroreflex sensitivity (BRS) are thought to mirror central impairment in coupling between the autonomic and cardiovascular systems. The baroreflex is the main neural mechanism that compensates spontaneous fluctuations in blood pressure and is under full influence of the central autonomic regulation. Suppression of this regulatory system may be caused by impairment of the central processing, and in traumatic brain injury may be a consequence of primary damage or due to the induced stress reaction. (1, 2) Several studies have observed autonomic changes in patients suffering traumatic brain injury (TBI) by assessing HRV and BRS. These changes are thought to be related to the severity of injury and, more importantly, seem to correlate with increased morbidity and mortality. The autonomic nervous system in acute brain injured patients is also influenced by numerous factors of clinical management. These include sedation, analgesia, vasopressors, inotropes, mechanical ventilation and nursing procedures and create an "ICU noise" that represents an incalculable combination of confounding variables. Most of the previous studies have thus tried to minimise these confounding factors by excluding patients on cardiovascular drugs or on sedatives and using intermittently sampled HRV or BRS. However, when exploring the potential of real-time monitoring autonomic function in TBI patients, one has to consider not only the highly dynamic nature of the disease but also the inherent complex clinical interventions.
The primary aim of our study was to test the hypothesis that changes in continuously monitored autonomic function are associated with functional outcome after TBI independent of intracranial physiology (ICP and cerebral autoregulation) and despite the inherent and unpredictable "ICU noise".
The secondary aim was to elucidate the relationships between continuously measured autonomic functions, ICP and cerebral autoregulation.
Heart rate variability
According to the international guidelines on HRV analysis(13), we used parameters from time and frequency domain analysis. For all HRV parameters we used 300s time series of RR intervals updated every 10s. In the time domain we calculated standard deviation (SD), standard deviation of the difference between sequential beats (SDSD), and square root of the mean squared difference between sequential beats (RMSSD). In the frequency domain we used Lomb-Scargle periodogram to calculate spectral power of RR time series in the low frequency range (LF: 0.04-0.15Hz), the high frequency range (HF: 0.15-0.4Hz), the total power (TP: 0.04-0.4Hz) and the LF/HF ratio. Further, for HF and LF, relative (ratio of the components power divided by the sum of HF, LF and VLF components total power) powers were calculated.
Baroreflex sensitivity
Baroreflex sensitivity (BRS) was calculated using a modification of the sequential cross-correlation method. (14) The modified function uses arterial blood pressure systolic peaks to create RR intervals time series, using an automated detection algorithm. The slope of the linear regression between 10s series of RR intervals and the corresponding 10s series of systolic blood pressure is then calculated.
In order to remove the influence of an unknown time delay of the baroreceptor response, a crosscorrelation function is used to maximize the correlation coefficient. The RR window is shifted against the systolic pressure window in a stepwise manner and the highest correlation is reported, if it fulfils the criteria outlined below. In order to ensure that the correlation calculations are always performed on the same number of data points irrespective of the lag applied to RR series, the actual data buffer is extended with each window shift. Valid BRS value is returned only if the correlation coefficient is significant at p<0.01, and if no irregular beats (ectopics) are detected by the software. To compensate for the influence of uncorrelated noise the slope returned is adjusted (divided by) the correlation coefficient. The BRS is updated every 10s and expressed in ms/mmHg.
Statistics
The data are presented as median values, range and interquartile range. The nonparametric Wilcoxon rank-sum test was used to compare medians across the outcome categories (mortality, poor outcome or unfavorable outcome). Nonparametric Spearman correlations and associated pvalues were used to correlate patient average values of HRV parameters, BRS, ICP, CPP, and PRx. For outcome analysis, one mean value of the variables HRV, BRS, PRx, CPP, and ICP was calculated for each patient (mean over the entire monitoring period). The effect of "classical" predictors (age, admission GCS, ICP, CPP, PRx) and/or autonomic variables on outcome was investigated by logistic regression models. For each independent variable, intuition for the degree of its adjusted effect on the outcome was obtained from crude restricted cubic splines (with the number of knots varying from 3 to 5) and a formal hypothesis test for linearity. The best subset selection algorithm was applied. This is an exhaustive method that searches the best model, based on the lowest Akaike Information Criterion (AIC), among those obtained from all possible subsets of independent variables. Comparison between nested models was also performed with the log-likelihood ratio test.
The area under the ROC curve was used as a measure of the discrimination ability of a model. Statistical analyses were performed using the SPSS version 19 software and the R language and software environment for statistical computation, version 2.12.1(15) The significance level was set at 0.05.
Ethics
Data collection and analysis has been approved by the Neurocritical Care Users' Committee and the Research Ethics Committee (29 REC 97/291).
Results

Population
327 consecutive severe TBI patients were screened for the entry into the study. 53 patients were excluded because of incomplete outcome data. Further 10 patients were excluded because of artifacts in the HRV and BRS analysis mainly due to atrial fibrillation or other arrhythmias, leaving thus 262 patients in the final dataset. Excluded patients did not differ significantly in age, median GCS, median GOS, median ICP, median CPP or median PRx from those included in the final dataset (data not shown). The median age of the patients was 36 years (range 16-76.4, IQR 25), 141 (53.8%) were male, median GCS was 6 (range 3-15, IQR 5), median GOS at 6 months was 3 (range 1-5, IQR 2).
Six (2.3%) patients underwent primary decompressive craniectomy, 19 (7.2%) underwent secondary 
Outcome and mortality
Mortality at 6 months in the group of patients included in the analysis was 23.3%. Poor outcome was reached in 67 patients (25.6%) and unfavorable outcome in 149 patients (56.9%). For the univariate comparison of clinical and autonomic variables between survivors and non-survivors see Table 1 .
Among the "classical" predictors, statistically significant differences between the survivors and nonsurvivors were identified for all variables but GCS (p=0.072). As for the autonomic variables, the LF total power (p=0.833), the LF relative power (p=0.137) and the HRV total power (p=0.701) failed to have statistically significant different medians across survivors and non-survivors (Table 1) . Firstly, the model considering only the "classical" predictors was calculated. For mortality and poor outcome, the whole predictor was found to be linear in age, admission GCS and PRx and to be quadratic in ICP (Table 2 ). Compared to a linear effect, the quadratic effect of ICP produced greater probabilities for mortality within the high range of ICP values. The variable CPP was not found to have a statistically significant (adjusted) effect (p=0.616 for mortality; p=0.197 for poor outcome).
The model for the unfavorable outcome was linear in age, GCS and ICP and has failed to identify significant effects for CPP (p=0.800) and PRx (p=0.124), see Table 2 . Subsequently, the model considering simultaneously all predictors, "classical" and autonomic, was explored. The number of independent variables constrained all effects to be linear. Among all possible subsets of predictors, the model with the lowest AIC identified age, GCS, PRx, ICP, BRS and relative power of HF as the variables with a statistically significant effect on mortality (Table 3) . For the poor outcome, the best-AIC logistic regression model identified the same statistically significant predictors as the model for mortality (Table 3 ). The chosen model for the unfavorable outcome extended the classical model from before, adding relative and total HF power ( Table 3 ).
The area under the ROC curve (AUC) obtained for the best mortality, poor outcome and unfavorable outcome models was 0.844, 0.824 and 0.771, respectively, showing that the models exhibited a good discrimination ability.
Autonomic parameters, age and GCS
Age correlated weakly with the relative HF powers (r=-0.17, p=0.01) and with relative LF powers (r=0.13, p=0.03). GCS showed no significant correlations with any of the autonomic parameters.
Autonomic parameters and ICP, CPP and PRx
ICP correlated well with relative HF power (r=0.34, p<0.001), with relative LF power (r=-0.29, p<0.001) and with LF/HF ratio (r=-0.38, p<0.0001). CPP correlated with relative HF powers (r=-0.33, p<0.001), weakly with relative LF powers (r=0.14, p=0.02) and well with LF/HF ratio (r=0.34, p<0.001).
PRx correlated weakly only with relative power of LF (r=0.18, p=0.01). On the whole, BRS showed no significant correlations with intracranial variables, see also Figure 2 and Figure 3 . However, there was a strong age-dependent trend towards higher correlation coefficients between PRx and BRS (up to 0.76), reaching significance in the elderly (above 60 years), see Figure 4 .
Discussion
In our group of sedated and ventilated patients with severe brain trauma there was a significant association of both low baroreceptor sensitivity and decreased heart rate variability with higher mortality and poor outcome. We also found evidence of increased parasympathetic activity (increased HF powers) and decreased LF/HF ratio in non-survivor and those with poor outcome.
These continuously monitored indicators of autonomic function seem to be linked to TBI outcome independently of age, initial trauma severity, ICP levels or autoregulatory status raising the future prospect of autonomic nervous system targeted therapy.
Our results are consistent with findings from previous studies. In classical studies by Wintchell (5) and Biswas in children(3) a decrease in LF/HF ratio was also reported. A study by Kox with severe brain injury patients requiring intensive care showed concordantly higher HF powers and lower LF/HF ratio as compared to healthy volunteers. (16) Goldstein et al observed decreased RR interval variability, decreased LF powers of HRV and BP in a case mix of brain injury nonsurvivors.(17) Another TBI series found low BRS, low RR variability and a decrease in LF/HF ratios in nonsurvivors from TBI. (2) However what is unique about our findings, is that none of the previous studies adjusted for ICP or CPP effects, despite several former reports underlining associations between increased ICP/decreased CPP and autonomic changes. (3, 5, 7, 18) Thus, based on the presented results it seems that despite being correlated with ICP or CPP, the autonomic changes may have additive, independent, associations with TBI outcome. Furthermore, the results also suggest that autonomic changes are linked to worse outcome independently of the cerebral autoregulatory status. In terms of clinical interpretation of the model, for every unit increase in baroreflex sensitivity the odds for mortality is expected to decrease by 11.2%. For every unit increase in relative HF power the odds for mortality is expected to increase by 4.6%.
Higher HF powers and lower LF/HF ratios in non-survivors may indicate principally an increased vagal and decreased sympathetic activity in patients with poor outcome. The HF power is believed to reflect cardiac parasympathetic activity while the LF power, although much more complex, is often Table 3 . Multiple logistic regression models to predict mortality at 6 months including "classical" and autonomic variables.
